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The thylakoid lumen is an aqueous chloroplast compartment enclosed by the thylakoid membrane
network. Bioinformatic and proteomic studies indicated the existence of 80–90 thylakoid lumenal
proteins in Arabidopsis thaliana, having photosynthetic, non-photosynthetic or unclassiﬁed func-
tions. None of the identiﬁed lumenal proteins had canonical nucleotide-binding motifs. It was
therefore suggested that, in contrast to the chloroplast stroma harboring nucleotide-dependent
enzymes and other proteins, the thylakoid lumen is a nucleotide-free compartment. Based on recent
ﬁndings, we provide here an updated view about the presence of nucleotides in the thylakoid lumen
of plant chloroplasts, and their role in function and dynamics of photosynthetic complexes.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
The thylakoid membrane is the site of light-dependent photo-
synthetic reactions producing ATP and NADPH that fuel the syn-
thesis of carbohydrates in cyanobacteria, algae and land plants.
Four protein complexes are involved in these reactions, namely
the water-oxidizing photosystem II (PSII), PSI, cytochrome b6f
and the H+-translocating ATP-synthase. In plant chloroplasts, the
thylakoid membrane forms a network of stacked grana thylakoids,
interconnected with unstacked stroma thylakoids [1–3]. The com-
position of these regions is considered heterogeneous since PSII is
mainly found in the grana, whereas PSI and ATP-synthase predom-
inate in the stroma lamellae [3,4]. Cytochrome b6f is evenly distrib-
uted in the thylakoid membrane. The distribution of PSII is
dynamic since this complex may move to the stroma regions for
repair and assembly in response to ﬂuctuations in the light envi-
ronment [5]. Cyanobacteria are prokaryotes with similar photosyn-al Societies. Published by Elsevier
in, photosystem II reaction
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.se (C. Spetea).thetic complexes to plants, but which are evenly distributed in
unstacked thylakoid membranes lying directly in the cytosol. Re-
cent reports indicate that cyanobacteria might have distinct thyla-
koid regions for active photosynthesis, and for repair and assembly
of photosynthetic complexes [6,7].
Despite lateral heterogeneity of photosynthetic complexes, the
thylakoid membrane network encloses a tinny but continuous
aqueous space, named thylakoid lumen [1–3]. The granal thylakoid
lumen considerably expands in the light, allowing for diffusion of
proteins involved in photosynthetic electron transport and repair
processes [8]. Until about ten years ago, the thylakoid lumen was
a poorly characterized chloroplast compartment, being regarded
mostly as a sink for H+ and other ions generated during the photo-
synthetic light-dependent reactions. The best known lumenal pro-
teins were plastocyanin and the oxygen-evolving complex (OEC)
proteins, PsbO, PsbP and PsbQ. Following sequencing of the Arabid-
opsis thaliana (Arabidopsis) genome in year 2000 [9], localization
prediction data indicated the existence of 80–90 proteins in the
chloroplast thylakoid lumen [10,11]. About 20 proteins of the ini-
tially predicted lumenal proteome were manually removed based
on ‘incompatible functional domain’ or previous location in other
compartments, although they could have been dually targeted pro-
teins. In the same reports, 30–35 of the predicted proteins have
been identiﬁed in lumen preparations using two-dimensional elec-
trophoresis and mass spectrometry. Additional proteins have beenB.V. Open access under CC BY-NC-ND license. 
Fig. 1. Proposed model for the role in photosystem II repair of nucleotide-dependent reactions in the thylakoid lumen. Photosystem II (PSII) repair consists of several steps
taking place in different regions of the thylakoid membrane, as follows: (1) phosphorylation of PSII core proteins in the grana regions; (2) migration to the stroma lamellae
where dephosphorylation, monomerization and disassembly take place; (3) proteolytic removal of the damaged D1 subunit by Deg and FtsH proteases; (4) de novo synthesis,
insertion of a new D1 subunit and reassembly; and (5) migration to the grana regions for reactivation and dimerization of PSII. The following nucleotide-dependent reactions
are proposed to take place in the thylakoid lumen and participate in various steps of PSII repair. ATP is synthesized by the H+-translocating ATP-synthase on the stromal side
of the thylakoid membrane, and is translocated inside the lumen in exchange for ADP by the thylakoid ATP/ADP carrier (TAAC). Here ATP is converted by the nucleoside
diphosphate kinase 3 (NDPK3) to GTP, which is hydrolyzed by PsbO (O) bound to dimeric PSII. This leads to its dissociation from PSII. Lumenal ATP is also used by yet
unknown kinase(s) to phosphorylate CP43 in a lumen-exposed loop and lumenal proteins (PsbP, PsbQ, PsbR, Deg1 and Cyp38), inducing their dissociation from PSII. These
phosphorylated proteins are then dephosphorylated by phosphatases such as TLP18.3. The resulting Pi is exported back to the stroma by the thylakoid phosphate transporter
(PHT4;1). The GTPase activity of PsbO and phosphorylation of lumenal proteins are proposed to regulate the function and dynamics of PSII complex.
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sis mutants have brought insights into the functions of many of the
lumenal proteins, which are either related to photosynthetic elec-
tron transport, processing, proteolysis, folding, or redox regulation
[12]. The elucidated functions indicate an overall role of the thyla-
koid lumen in optimal function, photoprotection, assembly and re-
pair of photosynthetic complexes. Several intriguing features of the
predicted and identiﬁed lumenal proteome [10,11] are summa-
rized below. No clear function could be assigned to about 40% of
the predicted lumenal proteins. This implies that they either be-
long to novel families or that they could perform known activities
without having canonical functional motifs. Several lumenal pro-
teins coexist as isolated and thylakoid-associated forms. As a result
of extensive genome duplication, many paralogues could be found
for plastocyanin, the OEC and other proteins, most of them with
unknown function. The abundance of lumenal proteins variesTable 1
Summary of characterized thylakoid proteins involved in nucleotide-dependent processes
Protein
name
Accession
number
Experimental location Function
TAAC At5g01500 Thylakoid membrane ATP transport into th
balance H+ gradient
NDPK3 At4g11010 Mitochondrial inter-membrane
space and thylakoid lumen
Conversion of ATP to
PsbO1 At5g66570 PSII-bound, thylakoid lumen OEC stabilization, GT
PsbO2 At3g50820 PSII-bound, thylakoid lumen GTPase, PSII disassem
TLP18.3 At1g54780 Thylakoid lumen Ser/Thr phosphatase
stress, D1 degradatio
PHT4;1 At2g29650 Thylakoid membrane Pi export into the str
The proteins are listed in the order of description in the text. HL, high-intensity light.widely in a range of 1–100,000-fold of the level of photosynthetic
proteins. Many lumenal proteins display isoelectric heterogeneity,
indicating post-translational modiﬁcations.
ATP is mainly utilized during the carbon ﬁxation reactions, but
also in phosphorylation, proteolysis, import and folding of proteins
within the chloroplast. Alternatively, it is converted to other nucle-
otides such as GTP, used by GTPases in mediating signal transduc-
tion and other chloroplast processes. No proteins with canonical
nucleotide-binding motifs were identiﬁed by proteomics in the
thylakoid lumen [10,11,13]. Moreover, the presence of either free
ATP or ATPase activity could not be demonstrated in lumen prep-
arations [13]. Therefore, the source of energy for lumenal proteins
remained elusive.
Requirement for GTP has been reported in plants for proteolysis
of the D1 subunit of PSII complex following inactivation of the
complex induced by either high- or low-intensity light [14,15].in the thylakoid lumen of Arabidopsis thaliana.
Mutant phenotype References
e lumen, PSII disassembly, Reduced growth, HL sensitive,
impaired PSII repair
[22,28]
GTP Lethal [20,35]
Pase Reduced growth, HL sensitive,
accelerated PSII repair
[45,52,55]
bly Reduced growth, HL sensitive,
impaired PSII repair
[45,52,55]
active during light and acid
n, PSII assembly
Sensitive to ﬂuctuating HL,
impaired PSII repair
[82,84]
oma, balance H+ gradient Reduced growth, HL sensitive [89,92]
Table 2
Phosphorylation sites identiﬁed using mass spectrometry in thylakoid lumenal proteins from Arabidopsis thaliana.
Protein name Accession
number
Experimental
locationa
Function Phosphopeptide sequence (score)b Kinasec Referenceb
CP43 Spinach Thylakoid
membrane
Light energy transfer from
LHCII to RCII
SP(pT)GEVIFGGETMR None [65]
PsbP1 At1g06680 Thylakoid lumen Ca2+, Cl, Mn2+ ion binding,
thylakoid architecture
FEDNFDA(t)(s)NLNVMV(t)P(t)DK (70)
TNTDFL(pY)NGDGFK (1)
None [71,72,93]
PsbQ1 At4g21280 Thylakoid lumen Cl ion binding YDLN(pT)II(s)(s)
KPK (21)
None [63,72]
PsbQ2 At4g05180 Thylakoid lumen Cl ion binding F(y)IQPL(s)P(t)E
AAAR (89)
p38MAPK
GSK3
[64,71,72,93]
PsbR At1g79040 Thylakoid lumen Docking site for PsbP and
PsbQ
TDKPFGING(pS)
MDLR (57)
PKA [71,93,94]
PQL3 At2g01918 Thylakoid lumen Subunit of NDH complex SLYSSLFN(s)L(t)K (99) None [63]
VDE At1g08550 Thylakoid lumen Xanthophyll cycle,
photoprotection
SDLGEFPAPDP(pS)VLVQNFNISDFNGK
(23)
PKC [63]
Cyp38 At3g01480 Thylakoid lumen PSII assembly AIREVQKPLEDI(pT)D(pS)LK (17)
(pT)VPLEIMVTGEK (19)
None [63]
Deg1 At3g27925 Thylakoid lumen D1 protease, PSII assembly VSNG(pS)DL(pY)R (28) PKA [63]
PsaN At5g64040 Thylakoid lumen Calmodulin binding AF(t)VQFG(s)CKFPENF(t)GCQDLAK
(89)
PKC [72,93]
Predicted lumenal proteins
FIB4 At3g23400 Stroma.
thylakoid
membrane
Stress tolerance and disease
resistance
GLVA(pS)VDDLER (46)
(pY)(pS)FSPLTTPK (24)
CK2
PKA
[93,95]
FIB At4g04020 Stroma.
thylakoid
membrane
Stress tolerance and disease
resistance
A(pT)DIDDEWGQDGVER (80) CK2 [93,95]
NAD(P)-binding Rossmann-
fold superfamily protein
At2g37660 Stroma,
thylakoid
membrane
Cu2+ ion binding ALDLASKPEGTG(pT)PTK (37) p38MAPK [93]
MES13 At1g26360 n.d. Carboxylesterase NPP(pT)AVDFDR (15) PKG [63]
CYP26–2 At1g74070 Thylakoid
membrane
Peptidyl–prolyl cis–trans
isomerase activity
FSSIVSGKAGI(pT)YR (24)
DP(pS)KPPPKTK (15)
PKC
PKA, PKG
[95]
UDP-glucose epimerase like At2g39080 Stroma n.d. IL(s)(t)HHFSK (17) PKC [63]
Prolyl oligopeptidase family
protein
At2g47390 Stroma,
thylakoid
membrane
Serine-type peptidase
activity
YCVPNTSDADT(pS)PDQSK (89) None [94,96]
PMSR4 At4g25130 Stroma,
thylakoid
membrane
ROS defense IVHNP(pS)YEDVCTGTTGHNEVVR (1) None [93]
ABC1K3 At4g31390 Stroma,
thylakoid
membrane
Protein kinase superfamily
protein
LDL(pT)D(pT)IK (17) None [63]
Experimentally identiﬁed or predicted lumenal proteins [10,11] were screened for the presence of phosphorylation sites.
a Experimental location was extracted from the Plant Proteome DataBase, PPDB [97].
b Phosphopeptide sequences and Mascot ion scores were extracted from the Arabidopsis Protein Phosphorylation Site Database, PhosPhAt [63]. The reference for the
phosphopeptides is indicated in the last column. pT indicates the phosphorylated Thr residue; pS indicates the phosphorylated Ser residue. pY indicates the phosphorylated
Tyr residue. Lower case letters indicate ambiguous phosphorylation site.
c Kinase speciﬁc eukaryotic protein phosphorylation sites were predicted with a threshold score of 0.5 using NetPhosK 1.0 [79]. ‘None’ indicates that kinase phosphor-
ylation sites could not be predicted with a score >0.5. Where two kinases are listed, the prediction was ambiguous since the motif scores were within 0.1 of each other.
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plex must undergo to ensure plant survival (Fig. 1). Brieﬂy, PSII re-
pair involves the following steps: phosphorylation of PSII core
subunits in the grana stacks, migration to the stroma regions
where dephosphorylation, monomerization and partial disassem-
bly take place, followed by degradation of the D1 protein by FtsH
and Deg proteases, insertion of a newly synthesized subunit, and
ﬁnally reassembly and reactivation of the complex in the grana re-
gions [16]. Although intensively studied, the picture of PSII repair
is far from complete [17], and shows both similarities and funda-
mental differences in cyanobacteria, algae and plants [18,19]. In
this context, as compared to plants, D1 protein degradation in cya-
nobacteria proceeds independently of GTP (Spetea, C. and Kanervo,
E., unpublished observations).
An important implication for PSII repair has the recent research
bringing experimental evidence for nucleotide-dependent pro-
cesses in the thylakoid lumen of plant chloroplasts (Fig. 1). The fol-
lowing lines of evidence are summarized in Tables 1 and 2, and will
be reviewed bellow: (1) ATP transport into the thylakoid lumen by
a homologue of the mitochondrial ADP/ATP carrier; (2) conversionof ATP into GTP inside the lumen by a nucleoside diphosphate ki-
nase, (3) GTP binding by the PsbO lumenal extrinsic subunit of
the PSII complex; (4) identiﬁcation of phosphopeptides for a num-
ber of lumenal proteins; (5) discovery of a thylakoid lumen acid
phosphatase TLP18.3, and (6) Pi export by a member of the PHT4
family of Pi transporters.
2. The thylakoid ATP/ADP carrier
ATP transport across the spinach thylakoid membrane was ini-
tially characterized in 2004 [20]. Western blotting with an anti-
body against the bovine mitochondrial ADP/ATP carrier (AAC,
[21]) indicated the presence in these membranes of an AAC homol-
ogous protein, named thereafter the thylakoid ATP/ADP carrier
(TAAC) [20]. The Arabidopsis orthologue of this protein (AtTAAC)
was characterized in Escherichia coli as well as in the thylakoid
membrane as an ATP/ADP exchanger [22]. TAAC belongs to the
mitochondrial carrier family, whose members were only found in
eukaryotic organisms. The name of this family comes from the fact
that the ﬁrst members originate from the mitochondrial inner
C. Spetea, B. Lundin / FEBS Letters 586 (2012) 2946–2954 2949membrane. In addition to the mitochondrion, such carriers have
also been found in peroxisomes, hydrogenosomes, amyloplasts
and chloroplasts [23,24]. Interestingly, three mitochondrial and
one chloroplast member of this family contain EF-hands and their
activity is Ca2+-dependent [24].
Like other carriers, TAAC is characterized by a tripartite struc-
ture, each repeat of about 100 amino acids containing two trans-
membrane domains. The N- and the C-termini most likely face
the lumenal space, in analogy with the mitochondrial AAC termini
facing the inter-membrane space. A homology model of TAAC was
obtained using the 3-D structure of the bovine mitochondrial AAC
[21]. This model revealed a well-conserved central cavity and the
position of four residues acting as a selectivity ﬁlter for adenine
nucleotides [22]. The N- and the C- termini are less conserved
and, in fact, much longer in TAAC than in classic AACs, with possi-
ble role in the regulation of its function. Sequence searches and
phylogenetic analyses indicated the presence of TAAC-like proteins
in land plants and some green algae, but not in photosynthetic
organisms belonging to cyanobacteria, red algae, brown algae or
diatoms [25]. This implies that these sequences have arisen before
the divergence of land plants and green algae.
The major location of TAAC is in the thylakoid membrane, more
precisely in the stroma lamellae, as indicated by proteomics of NaCl-
washed membranes, immuno-gold electron microscopy and wes-
tern blotting with peptide-speciﬁc antibodies, [22,26]. TAAC may
also be located in the envelope membrane based on the proteomic
data of Ferro et al. [27], but the purity of analyzed envelope prepa-
rations with marker proteins for the stroma lamellae remains to be
validated. Based on the expression pattern of the AtTAAC gene and
corresponding protein, a role in supplying ATP for energy-depen-
dent processes during biogenesis and repair of photosynthetic com-
plexes has been proposed [22]. Since the presence of TAAC is
restricted to plants and green algae, it may fulﬁll a specialized func-
tion in the morphologically and functionally heterogeneous thyla-
koid membrane of these photosynthetic eukaryotes [25].
Due to its transport activity, TAAC may represent the link be-
tween ATP synthesis on the stromal side of the thylakoid mem-
brane and nucleotide-dependent reactions in the lumenal space
(Fig. 1). To test this possibility, two taac knockout mutant lines
have been studied. They displayed a reduced trans-thylakoid ATP
transport in Arabidopsis [22], resulting in reduced growth and in-
creased sensitivity to high-intensity light (HL) stress as compared
to wild-type plants [28]. This sensitivity was attributed to a poor
disassembly of PSII resulting in a blockage in D1 protein degrada-
tion in the taac mutants. Besides this, the mutant leaves also dis-
played a faster activation of photoprotective mechanisms
dependent on electrochemical H+ gradient, implying that TAAC
may be an electrogenic transporter (ATP4/ADP3), and may play
an additional role in Arabidopsis, namely balancing the trans-thy-
lakoid H+ gradient [28].
3. The lumenal nucleoside diphoshate kinase
Nucleoside diphosphate kinases (NDPK) catalyze interconver-
sion of ATP to other nucleoside triphosphates. They are present
in both prokaryotic and eukaryotic organisms, and supply nucleo-
tides for various cellular processes. In plants they may regulate the
intracellular nucleotide pools, but may also interact with various
proteins such as mitochondrial AAC or GTPases [29,30]. Three
NDPK types have thus far been identiﬁed in plants (spinach, Ara-
bidopsis, pea and rice). Type 1 (16 kDa) is located in the cytosol
and nucleus [31], type 2 (18 kDa) in the chloroplast [32], and type
3 (17 kDa) is dually targetted to the chloroplast and mitochondria
(see below). Cyanobacterial genomes such as Synechocystis con-
tain only one NDPK, whose location remains to be investigated.An NDPK activity, synthesizing GTP from ATP was detected in
lumen preparations from spinach [20]. Western blotting of similar
preparations with an anti-NDPK2 antibody indicated the presence
of a 17-kDa protein, corresponding to an NDPK3-type. The Arabid-
opsis orthologous protein was initially found in the mitochondrial
inter-membrane space [33], but sequence prediction using TargetP
[34] indicated very close scores for a chloroplast and mitochondrial
location. Based on the ambiguous prediction and due to its previ-
ous identiﬁcation in the mitochondrial proteome, AtNDPK3 must
have been one of the 20 manually removed predicted lumenal pro-
teins [11]. Indeed, a lumenal location was demonstrated for
AtNDPK3 in chloroplast import studies and by western blotting
with peptide-speciﬁc antibodies [20], and later on a dual location
to the chloroplast and mitochondria has been demonstrated using
green ﬂuorescent protein (GFP)-based microscopy [35]. Most re-
cently, the rice NDPK3 was localized using GFP to mitochondria
in onion epidermal cells, which do not contain green plastids,
explaining the exclusive mitochondrial location [36].
NDPK3 activity has an optimum pH of 6.0, which is the pH of lu-
men under light conditions [20,36]. The same reports show that
NDPK3 prefers to convert ATP to GTP, indicating that it may control
signaling through a GTPase inside the lumen. Putative interacting
partners of NDPK3 could be TAAC and PsbO GTPase (see below),
mediating the light-dependent turnover of the D1 protein [14].
Arabidopsis NDPK2 and also pea mitochondrial NDPK3 display
autophosphorylation activity, thereby possibly acting as uncon-
ventional protein kinases [37,38]. AtNDPK2 interacts with two
MAP kinases, which in turn activate stress-response genes [39],
whereas NDPK3 in Brassica campestris activates a receptor kinase
SRK, which is part of the incompatibility system [40]. AtNDPK3
may also be an unusual protein kinase or may interact with yet
unidentiﬁed lumenal kinases.
The expression of NDPK3 gene was studied in pea and rice, indi-
cating abundance in roots, leaves, ﬂowers, immature seeds, and
similar levels during stress and normal conditions [36,41]. At-
tempts to perform phenotypic analyses of Arabidopsis ndpk3 mu-
tants have failed due to the inability to identify homozygous
plants, which may indicate the lethal effect of this mutation (Lun-
din, B., Knorpp C., and Spetea, C., unpublished observations).
4. The PsbO lumenal extrinsic subunit of PSII as a GTPase
GTP-binding proteins bind and hydrolyse GTP, and form the
largest family of signaling proteins in eukaryotic cells. The chloro-
plast contains a number of GTPases with important functions,
including translocon receptors at the outer envelope of chloroplast
(Toc34, Toc159 and their homologues), a translation factor (Ef-Tu),
two signal recognition particle GTPases (SRP54 and SRP43), and
two dynamins (ADL1 and ADL2) [42].
PsbO is an extrinsic subunit of 33 kDa associated with PSII com-
plex at the lumenal side of the thylakoid membrane, also known as
OEC33. PsbO is present in all oxygenic photosynthetic organisms,
displaying 40–50% sequence identity between cyanobacteria and
land plants. GTP binding to spinach PsbO was initially demon-
strated in photoafﬁnity labeling experiments [20]. Notably, in the
same type of experiments cyanobacterial or Chlamydomonas PsbO
did not bind GTP. These observations were unexpected at that time
since PsbO was considered to play a role in OEC stabilization (for
recent reviews, see [43,44]). Later on, it was shown that spinach
PsbO had a low intrinsic GTPase activity, which was enhanced
15-fold when associated to PSII dimeric complex [45]. This result
indicated that optimal GTP binding and hydrolysis requires a cer-
tain conformation of the PsbO protein, which is readily achieved
upon binding to the PSII dimeric complex [46]. Alternatively, a
GTPase-activating protein and a guanine nucleotide exchange fac-
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Interestingly, the structure of another OEC protein, PsbP1, was re-
solved and found to resemble that of a GTPase activating protein,
and proposed to regulate the on/off cycle of PsbO [48]. An impor-
tant question is how does the GTPase activity of PsbO inﬂuence
its function in the thylakoid membrane. Circular dichroism and
tryptophan intrinsic ﬂuorescence spectroscopic analyses indicated
GTP-speciﬁc changes in the PsbO structure [45]. In the same report
it was also shown that GTP stimulated dissociation of spinach PsbO
from PSII under HL, conditions known to also inactivate OEC and to
induce D1 protein degradation. This stimulation was observed
even upon exposure to low light conditions. It has therefore been
proposed that PsbO can bind Mn2+ and Ca2+ ions, and thus could
function as a chaperone for these ions released from OEC into the
lumen (for a recent review, see [43]). The presence of Ca2+ and spe-
cially Mn2+ ions in the assay mixture stimulated the GTPase activ-
ity of PsbO [45]. Therefore, it was proposed that this activity could
confer an advantage for the plant to efﬁciently bind the released
OEC ions.
All GTPases share four conserved sequence domains, denoted
G1–G4, involved in binding different regions of the GTP molecule
[49]. The G2 and G3 domains are ﬂanked by the Switch I and II re-
gions, which confer different conformations in the GDP- and the
GTP-form of the protein. The four G-domains were found partially
conserved in plant PsbOs, and were absent in the corresponding re-
gions of Chlamydomonas or cyanobacterial PsbOs [45], indicating
that GTP binding to PsbO may be a plant-speciﬁc feature. The
structural model of spinach PsbO, obtained based on the crystal
structure of PsbO bound to PSII complex from Thermosynechococcus
elongatus (T. elongatus) revealed an overall bbarrel shape [45,50].
According to this model structure, PsbO binds GTP inside the b-
barrel domain close to the lumenal exit of the protein. Conforma-
tional changes could be transmitted to the Switch I and II regions
involving loops important for interaction between the two mono-
mers and within the same monomer. There are important differ-
ences in the amino acid sequence of PsbO and mode of binding
to PSII between cyanobacteria and plants (reviewed in [43]),
implying that resolving the crystal structure of an eukaryotic PsbO
is of great importance to explain the functional differences and
accurately localize the GTP-binding site. PsbO may represent a
plant-speciﬁc GTPase with non-canonical G domains and signiﬁ-
cant structural differences from the classic GTPases, like in the case
of the chloroplast Toc34 GTPase [51].
Sequencing of the Arabidopsis genome [9] revealed the exis-
tence of two psbO genes, coding for the PsbO1 and PsbO2 proteins.
Both genes are expressed in wild-type plants, while the PsbO1 pro-
tein is 4- to 5-fold more abundant than PsbO2 [52,53]. The lower
expression of PsbO2 than that of PsbO1 indicates a regulatory
rather than a structural role for this isoform in PSII function. Simul-
taneous suppression using interfering RNA of the expression of
both psbO genes in Arabidopsis is lethal for the plant, conﬁrming
the importance of PsbOs for PSII stability and photoautotrophy
[54]. Arabidopsis mutants with an impaired psbO1 gene were re-
tarded in growth, and contained less PSII than the wild type
[52,53]. The psbo2 mutants also displayed reduced growth, but
contained more PSII than the wild-type plants [52]. Remarkably,
under HL conditions, especially the growth and overall health of
the psbo2 mutants were dramatically decreased, pointing to the
importance of PsbO2 for the light stress response. The PSII repair
cycle in these mutants was found impaired at the disassembly step,
leading to the inability to replace the damaged D1 protein under
HL conditions [55]. The observed phenotype resembles the one de-
scribed for the taacmutants [28], implying involvement of lumenal
nucleotides in the function of PsbO2 in PSII repair. Under growth
light conditions, PsbO1 was able to compensate for PsbO2. Thus,
between the two Arabidopsis isoforms, PsbO2 plays a critical rolein the HL-induced turnover of the D1 protein. The critical role of
PsbO2 in the GTP-dependent D1 protein turnover may be linked
with the ﬁnding that PsbO2 is a more active GTPase than PsbO1
[55]. Thus, it is tempting to speculate that, as shown for AtToc
homologues, if Arabidopsis has several isoforms for the same
GTPase, they have most likely different roles in planta. In the case
of PsbO, PsbO1 optimizes the water oxidation process, while PsbO2
regulates turnover of the D1 protein. The exclusive GTPase activity
of plant PsbOs may confer advantages for an efﬁcient function of
OEC and for a highly regulated PSII repair in a thylakoid membrane
with a unique structural organization.
5. Phosphorylation of thylakoid lumenal proteins
Protein phosphorylation is one of the most important reversible
post-translational modiﬁcations in biochemical processes in al-
most all classes of organisms. Phosphorylation is involved in regu-
lation of enzymatic activities, metabolic pathways, gene
expression and signal transduction. When it comes to the chloro-
plast thylakoid membrane, it has been shown that protein phos-
phorylation regulates the function and repair of photosynthetic
complexes [56–60]. A number of thylakoid-bound Ser/Thr protein
kinases have been identiﬁed in Arabidopsis, named TAKs, STN7
and STN8, and shown to be controlled by light or redox signals
[58–60]. Major phosphoproteins in the thylakoid membrane are
the light-harvesting antenna proteins of PSII, the peripheral anten-
na CP29, the D1, D2, CP43 and PsbH core subunits. The functional
meaning of protein phosphorylation in the thylakoid membrane is
far from being clearly understood. At present it is known that phos-
phorylation of PSII antenna is involved in redistribution of ab-
sorbed light energy from PSII to PSI, and that phosphorylation of
PSII core proteins controls the PSII repair cycle, in particular migra-
tion of damaged complexes from the grana to the stroma mem-
branes [58,59].
Chloroplast phosphoproteomics revealed novel target proteins,
phosphorylation sites, kinase activities, hence novel cascades that
may be part of networks for different functions [61]. Cross-talk of
Ca2+ signaling and protein phosphorylation has been demonstrated
at the thylakoid membrane, revealing targets of Ca2+-dependent
phosphorylation [37]. For most of the identiﬁed thylakoid phos-
phoproteins, the phosphorylation sites were found exposed at
the outer (stromal) surface of the thylakoid due to procedure
involving shaving of thylakoid proteins using proteolytic enzymes,
e.g. trypsin. Selective detection of phosphopeptides from proteo-
lytic digests is a challenging task in many proteomics approaches
due to their low abundance and need for selective isolation or
enrichment before analysis by mass spectrometry. At the Arabid-
opsis Protein Phosphorylation Site Database (PhosPhAt version
3.0) [62,63], information about phosphorylation sites of chloro-
plast proteins from large-scale proteomics works is available. The
results of a systematic search at PhosPhAt and other sources
[64,65] for phosphopeptides of lumenal proteins are presented in
Table 2. This consists of 1–2 phosphopeptides for ten experimen-
tally conﬁrmed and additional nine predicted lumenal proteins
from a total of 80–90 predicted proteins in Refs. [10,11]. Below
we summarize the current knowledge about lumenal proteins se-
lected based on their role in PSII repair. In addition, the proposed
role for phosphorylation in their function is illustrated in Fig. 1.
5.1. Phospho-CP43
CP43 is an intrinsic chlorophyll a-binding protein subunit of the
PSII core complex. Its function in plants is to transfer energy from
the Chl a/b binding antenna proteins to the reaction center II. It is
well established that CP43 is phosphorylated in the grana together
with D1, D2 and PsbH by the STN8 kinase on Thr-1 residue exposed
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CP43 was shown to enhance the thylakoid stacking in the dark and
under repair cycle of PSII [66]. Rinnalducci et al. have identiﬁed in
the spinach CP43 protein additional three Thr residues, which are
phosphorylated in the stroma lamellae only upon illumination
[65]. Among them is Thr-346 located in a hydrophilic lumen-ex-
posed loop closed to its C-terminus. The phosphorylation of this
residue has not yet been found/reported in Arabidopsis. Thr-346
is in close vicinity of residues involved in interaction with PsbO
at the lumenal side [43]. The physiological relevance of the lume-
nal phosphorylation site of CP43 could be to facilitate its dissocia-
tion and the disassembly of the complex during its repair (Fig. 1).
5.2. Phospho-OEC proteins
PsbO, PsbP, PsbQ and PsbR are all extrinsic lumenal PSII sub-
units and are required for stability of OEC and full activity of PSII
complex [43,67]. Except PsbR, each OEC protein is present as two
isoforms in Arabidopsis. In addition, a number of PsbP-like and
PsbQ-like proteins were found, most of them with unknown func-
tion. Phenotypic studies using transgenic plants defective in PsbP
[68] or PsbQ [69] showed that PSII normal activity was not com-
promised, but the regulation and full dynamics of PSII in higher
plant thylakoids was clearly dependent on the presence of these
proteins. PsbP and particularly PsbQ were proposed to directly
interact across the grana lumen, hence to contribute to the integ-
rity of the grana stacks [5,67]. However, RNAi-based mutant anal-
yses conﬁrmed that only PsbP is required for the thylakoid
architecture [70]. Taking into account that PsbO was found to be
a GTPase, it is interesting to note that phosphorylation of all except
PsbO has been reported in wild type Arabidopsis, as well as in stn8
or stn7/stn8 mutants [64,71], implying that the thylakoid lumenal
kinases work independently of the thylakoid membrane-associ-
ated kinases. The phosphorylation of PsbP and PsbQ proteins was
found to be dependent on Ca2+ ions [72]. During PSII assembly
and turnover, Ca2+ ions associate and dissociate from the OEC,
which could lead to the induction of Ca2+ signaling in the lumen
and across the membrane. OEC proteins are present either bound
to active PSII dimers in the grana regions or free in the stroma re-
gions. It is proposed that phosphorylation regulates the isolated/
bound state of PsbP, PsbQ and PsbR (Fig. 1). It is also tempting to
speculate that the phosphorylation of these protein may be impor-
tant for the dynamics of grana stacking as demonstrated in the case
of PSII core protein phosphorylation [73].
5.3. Phospho-Cyp38
The ﬁrst characterized immunophilin associated with the thyla-
koid membrane was the spinach thylakoid lumenal protein of
40 kDa (TLP40) also known as the thylakoid lumen PPIase [74]. It
was predicted to contain a cyclophilin-like C-terminal domain, an
N-terminal leucine zipper, and a phosphatase-binding domain.
TLP40 was mainly found to be located in the lumen of the stro-
ma-exposed thylakoid membranes, where proteins are integrated
in photosynthetic complexes. This immunophilin could be either
found free in the lumen or bound to the thylakoid membrane,
states which were proposed to activate and inactivate respectively,
a putative PP2A-like phosphatase that dephosphorylates PSII core
proteins [57]. The Arabidopsis orthologue has been identiﬁed as
cyclophilin 38 (Cyp38) using biochemical and proteomic ap-
proaches [10,11]. Surprisingly, this protein did not display any
cyclophilin activity and lacked the phosphatase-binding domain.
Mutants deﬁcient in Cyp38 displayed problems with PSII assembly,
and also showed increased HL sensitivity [75]. The crystal structure
of AtCyp38 revealed a unique Cyp domain in the C-terminus and an
N-terminal helical domain, proposed to have a chaperone activityand a regulatory role, respectively [76]. Intramolecular interactions
between the two domains were proposed to play a role in an
autoinhibitory mechanism of its function. Two phosphopeptides
were identiﬁed in AtCyp38, located in each of the above-described
domains, and are proposed to impact its function in PSII assembly
(Fig. 1).
5.4. Phospho-Deg1
Among chloroplast proteases, three ATP-independent Ser-pro-
teases are present inside the thylakoid lumen, namely Deg1,
Deg5 and Deg8. Deg1 is attached peripherally at the lumenal side
of the thylakoid membrane, and its location made it an attractive
candidate for proteolysis of the photodamaged D1 protein [77].
In addition it was proposed that Deg1 functions as a chaperone
during assembly of PSII by interacting with the D2 protein [78].
It has been proposed that only the hexameric form can bind at
the lumenal side of PSII complex and is active, whereas the mono-
mer is free in the lumen and thus inactive [77]. In Fig. 1, it is illus-
trated the possibility that phosphorylation plays a role in the
oligomerization and activity of Deg1. Interestingly, the FtsH prote-
ase acting in D1 degradation at the stromal side of the thylakoid,
has also been found phosphorylated in a Ca2+-dependent manner
[72]. Further studies are required to elucidate the functional rele-
vance of phosphorylation of Deg1 and FtsH proteases.
Ser and Thr residues are the major phosphorylation sites in the
lumenal proteins (Table 2), whereas only a few proteins are phos-
phorylated at a Tyr residue. This indicates a higher speciﬁcity of lu-
menal kinases towards Ser/Thr residues in the substrate proteins.
Among the listed proteins, PsbP1, PsbQ1, PsbQ2 and PsaN were
found phosphorylated in a Ca2+-dependent manner [72]. So far
no efforts have been dedicated to identify lumenal kinases. For pre-
diction of kinase phosphorylation sites, the listed phosphopeptides
were submitted at NetPhosK version 1.0 server [79]. The results
listed in Table 2 indicate that 11 proteins may be phosphorylated
by kinases belong to one of the following categories: cyclic AMP
dependent protein kinase (PKA), protein kinase C (PKC), cyclic
GMP-dependent protein kinase (PKG), casein kinase 2 (CK-2), p38
MAPK or GSK3. For eight of these, phosphorylation sites of PKA/
PKC/PKG were predicted. In Arabidopsis the members of the AGC
kinase group subfamily VIII are the most likely orthologues to this
type of kinases [80]. AGC kinases are involved in signaling path-
ways downstream of signaling lipids. The kinases that phosphory-
late eight of the lumenal proteins could not be predicted with a
score >0.5, indicating either unusual phosphorylation sites of
known kinases or that novel kinases are active in the chloroplast,
as suggested by Bayer et al. [37]. While the kinases involved still
remain to be identiﬁed, a lumenal phosphatase has been recently
discovered.6. The thylakoid lumenal acid phosphatase
The thylakoid lumenal protein of 18.3 kDa (TLP18.3) was ﬁrst
identiﬁed in proteomic studies of lumen preparations from Arabid-
opsis, and later on as a component of thylakoid-associated poly-
some nascent chain complexes [10,81,82]. Enrichment in the
polysome fraction pointed to an auxiliary role in the synthesis of
PSII subunits with high turnover such as the D1 protein. PSII com-
plexes in Arabidopsis mutants lacking this protein were found
more sensitive to ﬂuctuating HL conditions for the following two
reasons: a slower degradation of the D1 protein in the stroma re-
gions, and a poor assembly of monomers into dimers within the
grana [82]. TLP18.3 deletion mutants in Synechocystis cells were
also found more sensitive to HL stress and displayed a slower
recovery [83].
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its structure is composed of three regions: targeting region for im-
port into the chloroplast and the thylakoid lumen, a domain of un-
known function (DUF477) and a potential transmembrane domain
for anchoring at the thylakoid membrane [84]. The crystal struc-
ture of the DUF477 domain revealed a a/b (Rossmann) fold, resem-
bling the structure of a phosphatase. Biochemical assays conﬁrmed
this function, and the preferential removal of phosphate groups
from either p-Ser or p-Thr residues under acidic conditions was
indicated. To explain the phenotype described above for the mu-
tants, TLP18.3 was proposed to function in dephosphorylation of
lumenal phosphoproteins involved in PSII repair [82]. As illustrated
in Fig. 1, the phosphorylated PsbP, PsbQ, PsbR, Deg1 and Cyp38 are
candidate substrates as they were found to play role in the same
steps of PSII repair cycle as TLP18.3, namely D1 degradation and
assembly of PSII.
TLP18.3 is conserved from cyanobacteria to algae and green
plants, but is absent in mammals [84]. The structure of the protein
in the presence of p-Ser indicated coordination of the Ser substrate
in the binding site by three residues, namely Val-101, Asp-102 and
Lys-112. Among these residues, Lys-112 was found fully conserved
only in green plants. The question is whether TLP18.3 also func-
tions as a phosphatase in cyanobacteria and algae. Except for one
report on phosphorylation of phycobilisome-linker proteins [85],
there is so far no evidence for phosphorylation of either thylakoid
membrane or lumenal proteins in cyanobacteria. Therefore, it is
proposed that TLP18.3 may play other role during PSII repair in
cyanobacteria.
7. The thylakoid Pi transporter
Phosphate (Pi) transporters are essential for chloroplasts since
they regulate the Pi level required to initiate the CO2 ﬁxation reac-
tions in the stroma [86]. In the lumen, Pi is removed from phos-
phorylated proteins by phosphatases [84] or from GTP by
GTPases [45,55]. Pi was not found to be a substrate for TAAC
[22], implying the existence of an additional transporter, which
recycles Pi back to the chloroplast stroma. A family of six putative
anion transporters (ANTR) belonging to the Anion:Cation Sym-
porter family within the major facilitator superfamily was found
in Arabidopsis genetic screens [87,88]. All six members have been
expressed heterologously in yeast and shown to speciﬁcally trans-
port Pi in an H+-dependent manner [87]. This family was named
thereafter PHT4. No homologues of any of the AtPHT4s were found
in cyanobacteria, red algae, brown algae or diatoms. Nevertheless,
35–70% similar sequences could be found in green algae and land
plants (Spetea, C., unpublished observations), suggesting a function
restricted to higher photosynthetic eukaryotes, as in the case of
TAAC.
The AtANTR1/PHT4;1 member was initially localized to the
chloroplast using GFP-based microscopy [88], and later on more
precisely to the thylakoid membrane using peptide-speciﬁc anti-
bodies [89]. In the same report it was shown that the transport
activity of PHT4;1 was driven by an electrochemical Na+ gradient
across bacterial membrane. Most recently, site-directed mutagen-
esis of PHT4;1 and functional characterization in Escherichia coli
has revealed important residues for its transport activity and Na+
dependency, which are conserved in the entire PHT4 family [90].
Whether the transport activity of PHT4;1 is driven by a H+ or a
Na+ gradient across thylakoids has not yet been investigated in
Arabidopsis. Nevertheless, another PHT4 member, AtPHT4;2, has
been recently characterized as a Na+-dependent transporter in root
plastids [91].
Initial phenotypic analyses indicated that pht4;1 knockout mu-
tants displayed reduced growth, lower photosynthetic electron
transport rates and faster induction of photoprotective mecha-nisms during HL stress [92]. The latter observation indicated a fas-
ter acidiﬁcation of the thylakoid lumen in the mutants as
compared to wild type plants. The effects were not dramatic, sug-
gesting an indirect inﬂuence on photosynthesis, for example, via a
possible electrogenic transport as in the case of TAAC. More de-
tailed investigations are required to clarify the role of PHT4;1 in
PSII repair cycle.
8. Perspectives
The chloroplast thylakoid lumen was initially thought as a sink
for H+ and other ions, but the bioinformatic- and proteomic-based
ﬁndings obtained in Arabidopsis have revealed a much more com-
plex role than previously anticipated. Notably, there is increasing
evidence for existence of proteins participating in GTP signaling
across the thylakoid membrane and phosphorylation inside the lu-
men. Therefore, previous conclusions of proteomic works [10,11]
should be revisited since the thylakoid lumen may harbor non-
canonical nucleotide-binding proteins. There is still a lot to be done
to elucidate the lumenal components involved in nucleotide
dependent processes and their mode of regulation. Resolving the
3-D structure might reveal insights into the function of many lu-
menal proteins, as in the case of TLP18.3, PsbP1 and Cyp38
[48,76,84].
The above described nucleotide-dependent reactions may rep-
resent a plant-speciﬁc pathway for the following reasons: (i) D1
protein degradation requires GTP only in plant thylakoids; (ii)
TAAC and PHT4;1 are eukaryotic-speciﬁc transporters; (iii) As com-
pared to plants, there is only one NDPK gene in cyanobacteria,
whose location has not been validated yet; (iv) Four G-domains
in classic GTPases were found partially conserved in plant PsbO se-
quences but absent in cyanobacteria and algae; (v) TLP18.3 present
in cyanobacteria to plants, but the relevance of its function as a
phosphatase in cyanobacteria is unclear; (vi) Evidence exists for
phosphorylation of lumenal proteins in plants, but not yet in cya-
nobacteria. Taken together, the thylakoid lumen can be regarded
as a chloroplast compartment with active nucleotide metabolism,
opening a new area of photosynthesis research.
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